Abstract-A hybrid channel assignment (HCA) scheme in direct sequence-code division multiple access (DS-CDMA) systems for accommodating integrated voice/data traffic is proposed and the required power levels of voice and data traffic are derived. These levels can be used to maintain the minimum required link qualities of all calls. In the proposed scheme, delay-sensitive voice traffic is accommodated in circuit mode and delay-nonsensitive data traffic is accommodated in packet mode. The capacity region is derived and it can be used for controlling voice call admission and scheduling data packets. The proposed scheme can achieve a high link efficiency with reduced control overhead by statistically multiplexing voice and data traffic.
I. INTRODUCTION
F UTURE wireless cellular systems will be required to accommodate various service applications, such as voice, interactive data, file transfer, internet access, images, and facsimiles. The growing user population of wireless applications demands new high-capacity, integrated multiple access schemes. Available radio resources are limited and radio channels experience frequency dependent fadings and delay spreads due to multipath time-varying propagation conditions. For frequency reuse efficiency and reliable communications in a harsh radio propagation environment, direct sequence-code division multiple access (DS-CDMA) shows promise for integrated multiple access schemes. Furthermore, wireless cellular systems are required to efficiently assign available radio channels to maximize spectrum utilization and to minimize radio link delay. In particular, integrated channel assignment schemes which guarantee flexible quality of service (QoS) control and high spectrum utilization are needed to accommodate various services.
Radio channel assignment can be categorized into three classes according to control complexities of the central station:
1) random channel assignment (RCA); 2) fixed channel assignment (FCA); and 3) demand channel assignment (DCA). The RCA scheme, such as ALOHA [1] , [2] and CSMA/CD [3] is the simplest random access technique. It is used mainly for lightly-loaded LAN applications. In FCA schemes, such as FDMA [4] , [5] , TDMA [6] , [7] , and CDMA [8] - [11] , each user is assigned a unique frequency channel, a unique time slot, or a code channel, which can be exclusively used during a call connection. The DCA scheme assigns a channel according to user's demand during a call. It requires a request channel to use statistical multiplexing of voice and data traffic. It includes D-TDMA [12] , PRMA [13] - [15] , RAMA [16] , ERAMA [17] , [18] and DQRUMA [19] . These methods were proposed to accommodate integrated voice/data services. However, these TDMA-based DCA schemes have low spectrum reuse efficiency and a large portion of control and request access overhead. In addition, TDMA-and FDMA-based techniques yield poorer performance than CDMA-based techniques in a multipath propagation environment. Liu et al. [20] proposed a demand-assignment access control scheme for multicode DS-CDMA systems. This scheme has advantages in spectrum reuse efficiency and flexible QoS control. However, it requires large control overhead for voice and data traffic and request access overhead for voice traffic. Its control overhead can reduce the available link bandwidth of mobile stations because the delay constraint of voice traffic may limit the slot time period. In addition, its request access overhead increases system complexity and causes greater access delay for request access due to increased interference on a request access subslot.
Herein, a hybrid channel assignment (HCA) scheme is proposed to reduce radio link access overhead in DS-CDMA cellular networks. In the proposed hybrid channel assignment (HCA) scheme a CDMA-based FCA scheme is applied to voice calls, whereas a CDMA-based DCA scheme is applied to data calls. The proposed scheme can eliminate request access overhead for voice calls and require less control overhead for data services. The required power levels for voice and data mobile stations are derived. Basically, this proposed system is interference-limited. Therefore, each mobile station should be allocated its minimum power level that meets the required link quality before its packets are transmitted on the uplink packet transmission subslot. The capacity region of the CDMA channel is derived and is used for controlling voice call admission and scheduling data packets.
0018-9545/00$10.00 © 2000 IEEE This paper is organized as follows. In Section II, an HCA scheme in DS-CDMA systems is proposed and described. In Section III, the control and request access overhead of the HCA scheme are defined and compared with the D-TDMA scheme, i.e., a TDMA-based DCA scheme. In Section IV, power levels and capacity regions are derived. In Section V, numerical examples are given. Finally, conclusions are given in Section VI. Fig. 1 shows a hybrid channel assignment (HCA) scheme in DS-CDMA systems. The proposed HCA scheme uses a CDMA-based FCA scheme for voice calls and a CDMA-based DCA scheme for data calls. Thus, delay-sensitive voice calls are accepted by the base station through a call admission control (CAC) mechanism on a call-by-call basis. An initial power level and a code channel are allocated during the call-setup phase and the allocated code channel is used until the completion of the new call or the completion of a handoff connection. When the call is completed or handed off the code channel is released. On the other hand, delay-nonsensitive data calls are accepted through negotiation with the base station on a burst-by-burst basis.
II. SYSTEM DESCRIPTION

A. Random Request Access
When a data mobile station has a packet to send, it attempts a request access on a slotted ALOHA-based request access subslot. Multiple request access events can be successfully received at the base station. A finite number of request access codes are available to all the mobile stations. A mobile station randomly selects a request access code. Each request access is acknowledged through a downlink acknowledgment subslot, if it is successfully received. Otherwise, the request access is retried after a random delay. On the other hand, request access packets for voice traffic are sent once during each call-setup period. Thus, request access packets for voice traffic are not necessary during call connections. Fig. 1 shows a hybrid channel assignment scheme in DS-CDMA systems. Each uplink time slot consists of a request access subslot and packet transmission subslot with a more-packet field (MF) for data packet. Each downlink time slot has a request access acknowledgment subslot, a transmission permission subslot, and packet transmission subslot.
B. Implicit Request Access
When a packet is permitted to be sent on a packet transmission channel and other packets are waiting to be transmitted in the mobile station buffer, the more-packet field of the uplink transmit packet is marked. The following request access is then not necessary. If channel capacity is available in the following time slot, transmission permission is granted to the corresponding mobile station without the request access.
C. Scheduling
Multiple transmission permission of data packets is possible during a time slot through a downlink transmission permission subslot, shown in Fig. 1 . Each data mobile station is assigned a code channel and the power control thresholds for data traffic are updated, whereas the power control thresholds for voice traffic are updated every time slot. Thus, voice mobile stations are supposed to update and adjust their transmitting power levels for the following voice packets according to the power control commands from the base station. Scheduling for voice packets is not required because voice packets are transmitted in circuit mode without request access while scheduling for data packets is needed. Hence, it is much simpler to implement a scheduler for data packet transmissions.
D. Power Level Determination
A base station determines the power levels of all the mobile stations within its communication coverage by considering the number of voice calls and the number of data bursts. It calculates the required minimum power levels of voice and data mobile stations. Then, the required minimum power levels are used to update the power control thresholds. In each time slot, new power levels are calculated and updated. The determination of power level will be described in Section IV-A
III. CONTROL AND REQUEST ACCESS OVERHEAD
Control and request access overhead of the HCA scheme are compared with a D-TDMA scheme, i.e., a TDMA-based DCA scheme. For a comparison of control overhead, the following system parameters are considered: 1) the time slot period and 2) the request access subslot time duration . The control overhead is defined as the proportion of the random request access subslot in each frame, i.e., %. The control overhead represents the proportion of the link speed for packet transmission control. The delay of voice packets should not exceed the maximum allowable delay . Thus, it is desirable that is much less than (typically ms). should be determined so that the request access subslot can carry sufficient request access information. The HCA scheme in DS-CDMA systems yields no request access delay for voice packets. Thus, the time slot period can be increased to achieve less control overhead. Delay-nonsensitive data traffic may experience a longer access delay, which is, however, tolerable.
For a comparison of control overhead for voice and data traffic between a D-TDMA scheme and the proposed HCA scheme, link parameters are considered as follows. For simplicity, ms, the link speed 32 kbps, the message length for voice call setup request (or talk spurt access request) 48 bits [4] , the channel coding rate (convolutional coding) 1/3, 8 tail bits (8 zero bits) are appended at the end of the message. Then, the request access subslot duration is equal to bits kbps ms ms. Therefore, control overhead for a D-TDMA scheme is given by ms ms %. As the uplink information transmission rate increases, the control overhead decreases. Control overhead for voice and data traffic is the same because two types of traffic, i.e., voice and data, should be accommodated into the same frequency channel. The control overhead of the HCA scheme can be reduced since the time slot period can be increased. If the time slot period is increased up to 100 ms, then the control overhead for the HCA scheme is equal to 5.2%. Longer causes more delays for data services. However, it can be tolerable because data services are generally insensitive to delay. For a comparison of request access overhead for voice traffic, traffic parameters are considered as follows: 1) the voice call arrival rate ; 2) the mean silence period ; and 3) the mean talk spurt period . Voice call duration is assumed to have an exponential distribution with a mean of . denotes the call-setup request access rate for voice calls. Then, the request access rate for voice calls is given by for a D-TDMA scheme. Thus, the ratio of the request access rate for talk spurts to the call setup request access rate is given by . For example, this ratio is equal to 76.5 for the following parameters: min, s, and s [18] . This means that the request access traffic of the D-TDMA scheme is approximately 76 times larger than for the HCA scheme in DS-CDMA systems. Hence, the proposed scheme can be implemented with much less request access overhead.
For a comparison of request access overhead for data traffic between the two systems, the request access overhead is defined as the number of request access events on a request access subslot per data burst. A data burst consists of several consecutive data packets. We assume that each data packet is fixed and the number of bits per data packet is equal to that of the message bits per (uplink packet transmission) subslot. In order to evaluate request access overhead for data traffic the number of data packets (burst length) in each data burst is assumed to follow a geometric distribution with a mean burst length of ( ). The burst length of a data burst is equivalent to the number of (uplink packet transmission) subslots which are required for a data burst transmission. If a data burst occurs the mean number of request access events in the D-TDMA scheme is equal to . However, the HCA scheme needs only one request access. Therefore, the request access overhead for data service can be reduced compared with the D-TDMA scheme. For example, if the mean burst length is equal to ten (subslots), then the request access overheads of the HCA scheme are reduced to 0.1 times those of D-TDMA scheme.
As a summary, control and request access overhead for voice and data traffic are compared and tabulated in Table I .
IV. SYSTEM ANALYSIS
A. Power Levels of Voice and Data Traffic
System configuration parameters considered include the PN chip rate , the voice bit rate , the data bit rate , the processing gain of voice traffic , the processing gain of data traffic , the intercell interference , and the maximum allowable interference at a given base station . The power level of each mobile station is determined through a process of calculating the number of voice calls and of scheduling data packets on a packet transmission subslot. Given these parameters and the required QoSs, the power levels of all the mobile stations can be derived.
Consider a DS-CDMA system which accommodates voice users and packet data users. For a QoS measure on a packet transmission subslot the bit energy-to-interference power spectral density ratios, and can be readily derived for voice and data traffic, respectively, as
where bit energy for voice traffic; bit energy for data traffic; interference power spectral density; power level for voice traffic; power level for data traffic; two-sided power spectral density of an additive white Gaussian noise (AWGN); number of voice calls; number of scheduled data packets on a packet transmission subslot [21] . is two for synchronous systems and three for asynchronous systems [22] . Equations (1) and (2) are derived from the fact that the bit error probability is approximately given by (data) (voice) where for BPSK coherent detection and rectangular spreading pulse shape in AWGN channels [23] , [24] . If and , then . This corresponds to a conventional BPSK bit error probability. Next, we consider a frequency-selective Rician fading multipath channel which is modeled as a wide-sense stationary uncorrelated scattering (WSSUS) channel. If is the input to the WSSUS channel, then the corresponding output is given by [25] where is the AWGN term, and . Here, is the transmission coefficient for the fading channel and is a zero-mean complex Gaussian random process. The covariance function for the fading process in the WSSUS channel is assumed to be zero for , where ( ) is the chip duration and is assumed to be less than the processing gain. For a frequency-selective Rician fading channel, using the result of [25] , (3) and (4) can be rewritten as follows: (5) (6) where depends on the covariance function . In the case of a triangular covariance function, is given by [25] for , where and . Here, denotes the greatest integer less than .
Given the required QoSs (i.e., minimum required bit energy-to-interference power spectral density ratios) for voice and data traffic, and , respectively, (5) and (6) can be rearranged as (7) (8) Equations (7) and (8) can be rearranged in terms of the power levels of voice and data traffic (9) (10) where is the background noise ( ). Equations (9) and (10) can be rearranged again in a matrix form, as shown in the equation at the bottom of the page. By Cramer's rule the power levels of voice and data traffic are obtained, as shown in (11) and (12) at the bottom of the page.
From the above solutions, the voice load factor , the data load factor , and the constraint factor can be expressed as and and are named as load factors because more received power for a mobile terminal at the base station is required when noise and interference power become larger. Consequently, the capacity of a cell is decreased due to these noise and interference level. If the constraint factor is negative, then the proper power levels do not exist. Thus, the constraint factor should be positive. The power level of voice traffic can be simply written as (13) Likewise, the power level of data traffic can also be simply written as (14) In order to determine the power levels of (13) and (14) for each packet transmission subslot, it is required that background noise ( ), intercell interference ( ), , and should be known. The background noise ( ) can be measured during the midnight when no connecting users exist in the air. Regarding the measurement of intercell interference ( ), refer to [26] . The intercell interference can be measured using this scheme. After the interference level is measured, and can be determined based on the number of acknowledged request access attempts at the previous request access subslot. Through this procedure, the power levels of both traffic can be determined and then these can be allocated to the corresponding mobile terminals through the downlink transmission permission subslot.
B. Capacity Region
The capacity region for voice and data traffic is derived under a constraint of the maximum allowable interference ( ) at a given base station. The maximum allowable interference ( ) can vary from base station to base station.
at a base station, however, should be fixed because the input power of low noise amplifier (LNA) should be restricted to a certain level in order not to saturate the LNA, and should also be confined to an allowable interference level according to the receiver capability at the base station receiver. Fig. 2 shows various components, such as voice, data, outercell (intercell), and residual capacities. Since the CDMA system is interference limited, each capacity component corresponds to an interference component in the interference level. The total interference received at a given base station is given by (15) where is the interference from voice traffic and the interference from data traffic. (11) (12) The capacity region can be obtained from and the constraint factor . The capacity region of the CDMA channel can be represented by a pair ( ) which satisfies the following two constraints.
Constraint 1:
.
Constraint 2:
i.e., . Constraint 2 states that the total interference should not be allowed to exceed the maximum allowable interference in order to maintain the proper uplink qualities. The above capacity region is obtained without considering voice activity. Given system parameters, the total interference at a given base station can be obtained. These are given in Table II . Fig. 3 shows the interference variations and capacity regions for various values of , , , and with a transmission coefficient ( ) of zero (i.e., in the case of no fading). When the Rayleigh fading occurs ( ) the capacity region is reduced accordingly and the overall system capacity decreases. These results show that higher data bit rates and lower bit error rates yield less link capacity.
Taking voice activity only for voice traffic into account, the power levels of on/off voice traffic and scheduled data traffic can be calculated. The equivalent number of voice packets is defined as the number of active voice packets so that the required bit error probability of voice traffic can be achieved with a given outage probability (typically 0.01). is in the range of . Given the required bit error probability of voice traffic , the number of voice calls , and voice activity factor , can be calculated and the power levels of active mobile stations can be determined according to the following procedures.
Step 0) Set up system parameters. 1) Set , , , , and .
2) Calculate and , and set , , and . , , where .
Step 1) Initialize the equivalent number of voice packets.
1) Set at .
Step 2) Calculate the outage probability .
1)
, where . Step 3) Check the required condition.
1) if , then go to Step 4). 2) Otherwise, and go to Step 2). Step 4) Calculate the power levels of voice and data traffic. 1) Calculate the required power levels and .
2) Allocate the power levels to all active mobile stations. From Steps 1)-3 ) the equivalent number of voice packets is calculated with a specified outage probability. In Step 4), the required power levels of voice and data traffic are calculated, then the corresponding active mobile stations are allocated their power levels.
The mean interference power of voice traffic is estimated at the base station. When the number of accepted voice calls is less than channel capacity, the total mean interference of voice traffic in a CDMA-based DCA scheme is given by where we have the first equation at the bottom of the page and
The total interference of voice traffic in the proposed scheme is given by where we have the second equation at the bottom of the page.
The capacity region can be modified to accommodate on/off voice traffic and scheduled data traffic. The modified constraints can be expressed as follows. Constraint 1: A voice call or a data burst which conforms to the above constraints 1 and 2 can be accepted on a packet transmission subslot.
V. NUMERICAL EXAMPLES
The following assumptions are made in order to investigate the effects of voice activity on the bit error probability of voice and data packets. It is assumed that is equal to 25% of the maximum allowable interference (
). This implies that 25% of the total capacity of a given cell is occupied by the neighboring cells. We set at 2 10 Watts (i.e., 27 dBm) because it is in the range of input power for base station low noise amplifiers (LNA's). This interference level is much higher than an IS-95 base station requirement [27] of 64 dBm/1.25 MHz by 38 dB. This value, however, is chosen as a numerical example because channel capacity can be closer to the theoretical limit when the maximum allowable interference ( ) becomes larger. For simplicity, is set at 10 (packets/slot). ). This shows that degradations in the uplink bit error probabilities are insignificant and that data packet throughput of a packet transmission subslot can be maintained because voice activities cannot cause significant data packet errors. From the system parameters given in Table II , the voice and data capacity of an uplink is shown in Fig. 6 . The higher the link quality, the fewer packets can be accommodated by the base station.
The equivalent number of voice packets with respect to the number of voice calls is calculated and tabulated in Table III . To investigate the voice interference effect of the proposed scheme on channel capacity, the mean total interference of the CDMA-based DCA scheme and the proposed HCA scheme can be calculated. These interferences are calculated and tabulated in Table IV . With an outage probability of 0.01, the voice interference of the HCA scheme is 8% higher than for the CDMA-based DCA scheme for . As increases, the incremental voice interference also increases. For example, the voice interference of the HCA scheme is 15% higher than for the DCA scheme for . As increases, the incremental interference decreases.
This incremental interference of on/off voice traffic can be tolerable because the proportion of interference from voice traffic in an integrated access scheme is small compared with data traffic. The ratio of the interference from data traffic to that from voice traffic per call is given by This ratio can be approximated as because and is typically larger than ten. Therefore, interference contribution of voice traffic per call to an uplink packet transmission subslot is much less than for data traffic per call. For example, if dB, dB with the same PN chip rates and bit rates for voice and data traffic, then . That means that the interference from data traffic is twice as large as for voice traffic per call. In general, data traffic requires a higher uplink quality than voice traffic. In the near future data traffic will probably require a higher uplink speed than voice traffic. Therefore, the interference increment of voice traffic is insignificant because channel interference caused by voice traffic is smaller than for data traffic.
In the proposed scheme voice packet delay in the uplink due to request access failures can be eliminated and voice packet delay variation can be minimized. The minimum required power level for all active mobile stations can be determined and updated by calculating the equivalent number of voice packets and the number of data packets that are scheduled to be transmitted every time slot.
VI. CONCLUSION
An HCA scheme in DS-CDMA systems that can accommodate both voice and data traffic is proposed in which control overheads can be reduced by a factor of approximately 5%, when compared with the D-TDMA scheme in the given conditions and in which an uplink packet transmission subslot can be efficiently utilized. Request access overhead can be reduced because delay-sensitive voice traffic does not require request access packets to be sent on a request access subslot. Also, delaysensitive voice packets do not need scheduling and queueing in the base station. Thus, implementation complexity can be reduced. A power level determination mechanism considering voice activity is introduced to adjust the power levels received at the base station of all active mobile stations every time slot. The proposed scheme can determine the minimum required power level for all active mobile stations in a base station coverage area. Thus, less interference will be experienced by neighboring base stations. Voice activity detection is used in the proposed scheme for capacity enhancement. Thus, more voice users can be accommodated. The capacity region of voice and data traffic is derived when the maximum allowable interference at a base station is given. This estimation of capacity region can be used for call admission control (CAC) and scheduling of delay-nonsensitive data packets. 
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